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e RHIC: ion-ion collisions at up to +/snw=200GeV

illustration: S. Bass Anne M. Sickles, April 29,2009



Heavy Ion Collision

L,
)Mk
‘;awg'!:,mm

I
0
lﬂ H]|

e
Y "‘15"|-"".:|
:,“’MHW‘\I

¥ W‘rl
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e RHIC: ion-ion collisions at up to +/snw=200GeV

e also p+p collsions, crucial baseline

illustration: S. Bass Anne M. Sickles, April 29,2009
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hot

central Au+Au:
large excess over
binary scaled p+p

excess:
221+£23+18MeV

consistent with initial
T ~ 300-600MeV

nuclear matter
Direct y

—h —h —h
() (=) Q
N w f )
| I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| [ TTI T T T, T 1T IIII| I IIIIIII| [ TTTI

-t
o

—h

-t
—h

—h
© o
N 1

—h
S
w

Ed®N/dp>(GeV-2c?) or Ed’c/dp® (mb GeV?c?)
Q

\_central Au+Au

arXiv:0804.4168

-t —

2

3 4 5 6 7
P (GeV/c)

Anne M. Sickles, April 29,2009



dN
d(¥ — ¢)

x 1+ 2vg cos(¥ — @) + ...

Anne M. Sickles, April 29,2009



v, (percent)

dN
x 1+ 2vg cos(¥ — @) + ...
d(¥ — ¢)
25 T T T
ideal
B . == n/s=0.03 /
20 = 1)/5=0.08 -
= = MN/s=0.16 - .
15k « STAR M
-
~20% = g = ® " =
10 ~ s ® " -
g .
V<R
St *
T
f Romatschke & Romatschke PRL 99 172301 (2007)
0 . | | |

0

l

2
Py [GeV |

3

Anne M. Sickles, April 29,2009



dN
x 1+ 2vacos(¥ — @) + ...
d(¥ — ¢)
25 T T T T T T
ideal
20 = == 1)/5=0.03 - "
—  1/5=0.08 - °
I " = n/5=0.16 -~ * | |
%« 5| « STAR ﬂh; i
2 -
3 | ~20% 4+ ~ e wm e
. 3
T:‘" 10 -~ . * . m
= a2 s *
I M?/t * )
wr/‘ .
S . }-(‘ m
f Romatschke & Romatschke PRL 99 172301 (2007) .
0 . | L | A | L

0 | 2 3 4
Py [GeV |

well described by hydrodynamics with small viscosity

5 Anne M. Sickles, April 29,2009



0.3

0.2

0.1

the partons flow

o w4+ (PHENIX) < p+p (PHENIX)
m K'+K" (PHENIX) O A+A (STAR)
K (STAR) [ =42 (STAR)

£

0 1 2 3
KE, (GeV)

KET = Mmr—m

PHENIX, PRL 98 162301 2007

Anne M. Sickles, April 29,2009



0.3

0.2

0.1

the partons flow

o w4+ (PHENIX) < p+p (PHENIX)
m K'+K" (PHENIX) O A+A (STAR)
K (STAR) [ =42 (STAR)

0 1 2 3
KE, (GeV)

KET = Mmr—m

v,/n,

PHENIX, PRL 98 162301 2007

0.1

0.05

- Dt
.; |

KE,/n_ (GeV)

Anne M. Sickles, April 29,2009



v,/n,

anomalous (anti)baryons

. (b) .
e mt+w (PHENIX) < p+p (PHENIX)
0.1 ® K'+K' (PHENIX) O A+A (STAR) -
Ks (STAR) 0 =+ (STAR)
#%4; -,
0.05+ .-. —
1 | | | I | | | | I | | | | I | | | |
0 (0) 0.5 1 1.5 2
KE,/n, (GeV)
valence quark flow
PHENIX PRL 98 162301 (2007)

Anne M. Sickles, April 29,2009



v,/n,

anomalous (anti)baryons

I I I I I I I I I I I I I I I I I I I I
. _ (b)
e n*+m (PHENIX) <= p+p (PHENIX)
0.1 m K*+K (PHENIX) O A+A (STAR) -
K2 (STAR) 0 =+ (STAR)
em ©
S
0.05 -
0 Ll L |
0.5 1 1.5 2
KE./n_ (GeV)
valence quark flow
PHENIX PRL 98 162301 (2007)

\g- 1 ICl I\I/IirIIB;aSI d|+Pl\uI o --I ; IAI ,;\ui,_piu Io.l-|(;%I ;
| = MinBias p+p A Au+Au60-92% |
1L £ |
| Mt |
_ i - |
- p/tt WM T p/v l*++ '
_ A | A |
0.5 ’ + b -
I AA %“ ++ + i ‘AAA ]
| ‘,es? AEal oL
0 | | | | | | | | | | | | | | | | | | | | | | | | | | |
1 2 3 1 2 3
p; (GeV/c) p; (GeV/c)

excess baryons

PHENIX PRC 74 024904 (2006)

Anne M. Sickles, April 29,2009



recombination

basic idea: valence quarks coalesce to
form final state hadrons

Fries et al.,, Hwa et al., Ko et al.
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recombination

basic idea: valence quarks coalesce to
form final state hadrons

e quark momenta add: ‘

e pr(hadron) > pr(quark)

® baryons get an extra
boost—extra quark

e quark correlations amplified in
hadrons:

¢ e.g. flow

Fries et al.,, Hwa et al., Ko et al.
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baryons via fragmentation

fragmentation: parton A— N hadrons
for each hadron: pt,Nn < pT1,A

DELPHI ete- | e baryon production difficult in
quark jets gluon jets fragmentation

e need 3 quarks together

e makes baryons a good place to
look for novel effects

©e DELPHI

- Jetset 7.4
== Ariadne 4.08
»+ Herwig 5.8C

EPJ 17 207 (2000)
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recombination: when?

e high phase space
density

® |arge system, low pr

e exponential quark pr
spectrum disfavors
fragmentation

® high pt hard power
law distribution
disfavors
recombination

1/p+ dN/d

" recombination

cartoon: R. Fries
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high pt particle production

Parton Distribution

Functions: Measured in
Deep Inelastic
Scattering

Hard Scattering Cross

Section: Calculated
with pQCD

Parton Medium
Interactions

Fragmentation into

Hadrons: Measured in
e+e- Collisions

Au+Au collisions
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m°: light meson
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direct proton production?
P

uu—pd

Brodsky & AMS PLB 668 111 (2008)
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direct proton production?
P

uu—pd
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d quark
7
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4

e color singlet proton directly produced within hard scattering

® small color neutral protons: color transparent

e proton exits collision region without interacting, like a direct y

e Ran(proton) > Raa()

Brodsky & AMS PLB 668 111 (2008)
Anne M. Sickles, April 29,2009
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filter: hot nuclear matter

= | A nt+r Ap

- || Opwp

E I ¥ KK

= T*} ¥ Ky

E a}L e Kaon w/ jet conversion

Ly T2 I_ ] e Kaon w/o jet conversion

E " {}

RS -

'__ O_ N

- —E$OQ k1 1

- b

E /'\* ¥* "

- ﬁd% s H | K-

- A fAY @

| STAR preliminary — *™ km E

0 2 4 6 8 10 12
pr (GeV/e)

colored partons lose a lot of
energy

suppresses baryons from
fragmentation

direct processes unsuppressed

e relative contributions enhanced

Anne M. Sickles, April 29,2009



Xt scaling

to (pp — HX) F{@r, Oem) “PT

T —
@p/E Pt T /s

20 Brodsky, et al NPB441 197 (1995), Brodsky et al PLB637 58 (2006) Anne M. Sickles, April 29,2009



Xt scaling

do (pp — HX) — F(zT,0.) B 2DT

d*p/E o

e n related to “twist”, number of participants, of the
hard scattering

20 Brodsky, et al NPB441 197 (1995), Brodsky et al PLB637 58 (2006) Anne M. Sickles, April 29,2009



Xt scaling

do (pp . HX) _ F(QZ'T, 9cm) - sz

d*p/E o

e n related to “twist”, number of participants, of the
hard scattering

® leading twist: g+g—g+g, n=4

20 Brodsky, et al NPB441 197 (1995), Brodsky et al PLB637 58 (2006) Anne M. Sickles, April 29,2009



Xt scaling

Y (op— HX) = Fior, Oem) _ 21

d*p/E o

e n related to “twist”, number of participants, of the
hard scattering

® leading twist: g+g—g+g, n=4
® higher twist: qq—p+qgbar, n=8

20 Brodsky, et al NPB441 197 (1995), Brodsky et al PLB637 58 (2006) Anne M. Sickles, April 29,2009
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Xt scaling

dO' F(z 790m
(pp — HX) = 22 fem)

d*p/E o

e n related to “twist”, number of participants, of the

hard scattering
® leading twist: g+g—g+g, n=4
® higher twist: qq—p+qgbar, n=8
® n increased slightly

e running coupling, evolution of PDFs & FFs

Brodsky, et al NPB441 197 (1995), Brodsky et al PLB637 58 (2006)
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Xt scaling: photons
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Xt scaling: pions

e good scaling over a wide
range of xT

e higher exponent than the
photons n=6.3
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more quantitative: nese(xr)

Ed3(r 1
d p3 - \f;n(x-l-,\";)

log (yield (zr,/3a)/yield(zr, \/55))
log (v/3b/+/3a)

® use measurements at two collision energies to extract
the effective exponent

G(xT) Cahalan et al PRD 11 1199 (1975)

Neff(TT) =
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pions: heavy ion collisions
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pions: heavy ion collisions
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® nesr(pions) increases with centrality
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anti-protons: heavy ion collisions
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anti-protons: heavy ion collisions
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anti-protons: heavy ion collisions
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anti-protons: heavy ion collisions
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p and pbar
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® both charges show the same trend
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uu—2*s

Brodsky, AMS
PLB 668 111 (2008)
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/ Brodsky, AMS
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e can also make strange baryons: signature balancing strangeness will be
on in recoil jet
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how would you test this?
2+

uu—X*s
u
7B
/ Brodsky, AMS
; PLB 668 111 (2008)

e can also make strange baryons: signature balancing strangeness will be
on in recoil jet

e in contrast, in hard fragmentation picture: balancing strangeness will be
close, in same jet

27 Anne M. Sickles, April 29,2009
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baryon “anomaly”

e low p1: recombination
e intfermediate & high prt: higher twist
e hot nuclear matter = study rare QCD processes!

e identified particle measurements in a range of
systems and energies provide a great way to study
higher twist QCD processes and hot nuclear matter

e strong motivation for RHIC energy scan at moderate
center of mass (40-200GeV) p+p & heavy ions

Anne M. Sickles, April 29,2009
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2 particle correlations

e complementary to single
Q—ﬁ_. particle observables

e different sensitivity to
geometry
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2 particle correlations

e complementary to single
particle observables

e different sensitivity to
geometry

conditional yield in AuAu

AR = conditional yield in pp

29 Anne M. Sickles, April 29,2009
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do

E (pp — HX) =

F(IL’T. 0(_‘.\,[ - ’.T,-/Q)
pr

dBP
:% @ Vs=38.8/31.6 GeV E706

- ® Vs=62.4/22.4 GeV PHENIX/FNALT,
- ® V/s=62.8/52.7 GeV R806 » |
10 - = Vs=52.7/30.6 GeV R806 i 77
- © Vs=200/62.4 GeV PHENIX 1L *
~ @ Vs=500/200 GeV UA1 ’,
- ® Vs=900/200 GeV UAT
8 e Vs=1800/630 GeV CDF

Y, jets

2 - ® Vs=1800/630 GeVCDFy A CDF jets .
- m Vs=1800/630 GeV DO y 4+ DO jets :

Leading-Twist PQCD

102

10 iL‘T=2pT/\/S

Arleo, Aurenche, Brodsky, Hwang, & Sickles: in preparation

Brodsky: arXiv:0904.3037
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uncertainties in proton FF

NLO pQCD AKK FF : p+p collisions at 200 GeV
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uncertainties in proton FF

03 ,de Florian et al (DSS) PRD 76 074033 (2007)
o i | 1 1 1 1 1 1 1 1

- luon .
025 [ S E

02 b
0.15 F
0.1 b

005 F

—
_—_’
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uncertainties in proton FF

de Florian et al (DSS) PRD 76 074033 (2007)

=

gluon

e

—
_——’

g—p (DSS)

{ \— g-p (AKK)
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uncertainties in proton FF

de Florian et al (DSS) PRD 76 074033 (2007)

1 10

|
gluon
- cC+cC
RN -
SN ——— b+b
NN
L N\
- N
- .\\,\
| .
_| ' ' ' '
THIS FIT / AKK (2005)
]
-1
10 7

® factor of three differences
in gluon — proton FF!

e DSS fragmentation
functions reproduce STAR p
+p results (they were used
in the constraint)

g—p (DSS)

{ \— g-p (AKK)
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uncertainties in proton FF

de Florian et al (DSS) PRD 76 074033 (2007)

03
- luon )
025 |- 2 _ ~
LB T cre E ® factor of three differences
SN ——— b+b : in gluon — proton FF!
- N\ 4
015 __'_ .\\ ]
: AN ] e DSS fragmentation
0.1 | AN ]

functions reproduce STAR p
+p results (they were used

005 F
[ in the constraint)

i g—p (DSS)
e BPhe —E 1/ g—bp (AKK)

still unclear why Raa(p) > Raa(TT)
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Jjet conversions

idea: jet parton scatters on
medium parton and changes
flavor

q+q<g+g
q+g<g+q

Ko et al. PRC 75 051901 (2007)
Liu & Fries PRC77 054902 (2008)
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Jjet conversions

idea: jet parton scatters on
medium parton and changes
flavor

q+q<g+g
q+g<g+q

2 ! | ! | ! | ! | ! |
— With conv
— = W/0 conv
Au+Au
< 1/2
ﬁm< (L S\ = 200 GeV |
~— '\
<
o <
O l l l l l

Ko et al. PRC 75 051901 (2007)
Liu & Fries PRC77 054902 (2008)
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Jjet conversions

idea: jet parton scatters on
medium parton and changes
flavor

q+q<g+g
q+g<g+q

T

AA

/R

P

AA

2

— With conv
— = W/0 conv
Au+Au

1/2
s'? = 200 GeV

6 8 10 12 14
p, (GeV/c)

e could increase Raa(protons)/Raa(m), but not beyond 1

Ko et al. PRC 75 051901 (2007)
Liu & Fries PRC77 054902 (2008)
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Jjet conversions

idea: jet parton scatters on
medium parton and changes
flavor

q+q<g+g
q+g<g+q

e recombination at high pt?

T
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P
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— With conv
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1/2
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e could increase Raa(protons)/Raa(m), but not beyond 1

Ko et al. PRC 75 051901 (2007)
Liu & Fries PRC77 054902 (2008)
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Jjet conversions

idea: jet parton scatters on
medium parton and changes
flavor

q+q<g+g
q+g<g+q

T

AA

/R

P

AA

2

— With conv
— = W/0 conv
Au+Au

1/2
s'? = 200 GeV

6 8 10 12 14
p, (GeV/c)

e could increase Raa(protons)/Raa(m), but not beyond 1

e recombination at high pt?

e potentially extremely interesting: sensitive to mean free

path

Ko et al. PRC 75 051901 (2007)
Liu & Fries PRC77 054902 (2008)
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e decreasing proton v2? increasing direct component?
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XT scaling
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baryon/anti-baryon ratio
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baryon/a

nti-baryon ratio
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Xt scaling

do (pp — HX) — F(zT,0.) B 2DT

d*p/E o

e n related to “twist”, number of participants, of the
hard scattering

® n(xt) = 4: leading twist 2—2 scattering

® increased slightly: running coupling, evolution of PDFs

B 1

2 et
do . (1 — fIfT) “repectator )3 \‘a'sn(x.l.,\'s) G(xT)

pTznactive—4
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